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I>l~SIGN  01: “1’111; CASSIN1  ‘1’OLJR  ‘1’RA.lliC’l’ORY IN ‘1’111{ SA’I’UKNIAN  SYS’1’I;M

A. A. Wolf and J. C. S]nith

Mctnbcrs  of 7echtiicol Stafl, Jet Ptopulsim  l~~lmtntoty
Cr71~[)nlia  Imtifutc  of I>chtlology, I)awdctm, (.’A

l’hc Cassini mission 10 Sa(ul n employs a Sa~urn orbittr  and a “1’itan pt oh to conctucl an
intcusivc  investigation of the Salurnian systcln. ‘1’hc ( ‘assini  orbiter flies series of orbits
incorporating flybys of the Saturnian sate.tlitcs called the “satcllilc. tour”. I)uring  the tour, (hc
gravitational ficlcis of tl]c satellites at-c used (0 Inodify and conlrol llIc orbit, targeting from
onc sa(cllitc  flyby to the nc.x(. ‘1’tlc tour trajectory ]Ilust also bc. dcsigncci to maximize
opporlunitcs  for scicncc observations, subject 10 ]l]issicln-ill][~osc(l  c(mslraints. ‘l”our ctcsign
studies have been condL]c[cd for Cassini  10 iclcntify trad~s  and slta[cgics for achieving (Ilcsc
sometimes conflicting goals. Concepts, stlatc.~,  ics, anti tcchrriqucs previously dcvclopcd for
tllc Galileo mission to Jupitct  have been modified, anti ncw ones tlavc bce.n dcvclor)cci,  to
lncct lhc rcquircmcnts  of lhc Cassini ]nission

1. lN’lRC)I )lJC’1’10N

‘llc (~assini mission will bc the firsl 10 visil IIIC
Saturn ian systcm in the more than two dccadcs which
will IIavc. c. fapscd since the. Voyager flybys in 1980
and 1981. Cassini  wil l  conduct  an intensive
invcsligaiion  of Saturn, ils tings,  satcllilc.s, a n d
nlagnc.tosphcrc for four years,

Af(cl-  its ir~scrtiot~irltc)c)l-l~it about SatLlrl~,tl]c.C1:issitli
orbilcr travels in a series of highly cllip(ical orbits
about Saturn. ‘J’his  series ofo]-bits  is rcfcrlcd teas lIIC
“sate.llitc tour”. A Iargc portion of (lIC mission’s
scientific objcc[ivcs  arc accomplished during (his
pollion of the nlission, and ttlc dcsig, n of (IIC 10UI’
Ir:(jcclory is an important factor in achieving these
ot)Jccli\Jcs.

‘1’hc tour con t a in s  app]oximalcly  35-40 c lose ,
“(argc.tcci” flybys of Saturnian satclli(cs. A (argckxi
flyby is c)nc wllcrc the orbiter’s trajectory has been
designed to  pass  lllrough a spcciflc.d  aimpoint
(Iatitu(ic,  longituf.fc, ancl al(itudc)  at the C 1 O S C SI
approach, in order to usc t}lc satcllilc’s  g[avi(ational
i n  flucncc  [0 pro(iucc a  de s i r ed  charrgc  in ttlc
trajectory. ‘1’argctcct  flyt)ys alc capab]c of ]naking
large cllangcs in the orbi{cl”s [rajcc[oi-y.  A single
largctc.d Ilyt)y c:in cl)angc. II)c o; bilc]’s Salum-relative
vc]ocity by huncirc.ds of nl/s. ]:or  comparison, tllc
total AV available flom the. orbiter’s thrusters is about
500” IH/S for t]lc cntilc [our containing 35-40
encounters.

liach (argctcd flyby is used to targc.t the orbiter 10 tl]c
next flyby, ‘1’hc abundance. of aim[min[s al each
salclli(c cncoun(cr makes possible a Iargc number of
tours, each of which may satisfy many of the

scientific ot)jccli\~cs  ill diffcrcut  ways. Wllilc it is
rcla(iv(ly easy to dcsi~,[),  a tour to satisfy any sing]c
scicntilic  rcquimrllc]ll, ]1 ]s difficult to design a single
tour which col Ilplclcly fulfills all (I]c rccluircmcnts,
bccausc the lriijcctorics nccdcd to satisfy different
scicn(ific  rcqulrcnlcn(s  al-c often dissimilar. ‘lhc
scicntif’ic  objcclivcs of the tour arc ciiscusscd in lhc
introduction to this volurnc.

“1’our design involves maximizing scicncc rclurn in
colnpcling scientific a]cas while. satisfying lnission -
inlposrci  conslr:iinls. ‘1’tlis is a compicx  task, as
Cx[)cricncc in dcsigrlirl~, satciiitc  tours for the. Gaiiico
mission to Jupitcl sho\vcci (Woif and Byrncs, 1993;
1) ’An~ario,  Bright, and Wolf, 1992).  “1’out design
stu(iics i~avc imcn con(iuclc.(i for Cassini buii(iing on
tllcw’c;~ltll {) fcxi)cricllcc.  gaitlcci flonl Galiico. ‘1’ra(ics
bc.twccn alcas of scic]l(iflc  interest an(i Inc(ilocis of
mcctinx constrai]its  alc cxalllinc(i hc]c, anti a sample
(our is prcscntc(i.

l’hc (:assini  spacccf  aft carr ies  the llLIygcns
atmosl]ilcric  p~obc., wilici] is rclcascci i n t o  ttlc
atmos])hcrc c)f ‘1’itau. LJi)on arrival at Saturn,  a
maneuver is pcrfollnc(i to siow (11c si~acccraft an(i
inscr[ it into orl)i[ :ibout Saturn.  Nca]- the first
aimapsis,  ano[ilcr mallcuvcr  i s  i)cl-for-lllcci  wllicil
si]l]liil;irlco[lsiy laisc< lllc pcriai>sis (iistancc f]oln
Saturrl andtarp,ctst ilcsimccc~-aft (otimcicsircci flyi)y
aimpoint  at ‘1’lt:itl. Cic)scr 10 ‘1’itan, li)c spacecraf t
(tmti] {u biter and i~]obc) is ]nancuvc[c(i  on(o a ‘1’itan
imilac[ kajc.ctoly. ‘Ihc orbilcr-tilcn  separates from Ii]c
plot)c an(i ilcrlo[tns a ]Ilancuvcr  w h i c h  (icficcls it
away lrom illli~acl onto lilt cicsircci fiyl~y  trajectory.
‘1’hc ptfi)c continues on Iilc inlpacl trajectory, cn[cls
tilcati]losf)llcrc,:~ll(l rclaysits  cia(atilrougtl  thcorbilcr
[o l;allh  as the ori)i[cl fiics overhead. ‘1’i)c probe
missio[l  isdcsc[ibcci  in clc.tail in Section 4.1’ilc orbiter
conlinucs  on aiong tile (our trajectory.



2. ‘1’OUR 111 SIGN CON C1;I>’l’S

Iluring IIlc [our,  tbc gravitational fields of’ satellites
am used (0 nlakc Irrrgc  al(crations in Ihc trajectory.
‘1’hc  conccp(  of gravitational assist has been
cxtcnsivc]y  discussed i~rcvious]y (LJphoff  cl al, 1979;
Minovitch,  1972; Nichrrff,  1971 ) and employed in
pl-cvious missions. ]n brief, a sa(cllitc  flyby can
change (IIC dit-cction,  but noI the. magnitude, of the or-
bilcr’s  velocity rclalivc [0 tbc satellite. ‘1’his charrgc  in
(I1C  direction of lhc satellite-relative velocity vcc(or
can clMngc  both the direction and the magnitude of
the o]-biter’s velocity vector relative to the ccrrtral
body (Saturn, in the case of the Cassini tour). Since
gravitational assist is funclalncnlal 10 tour design, it is
c.xplorcd in grcakr  detail in this scctiorl,

In the vicinily of a salcllitc,  the orbiter’s Irajcctory
approximates a satellite-ccnkwcd hypc~bola,  I’hc
salcllitc-]clalivc  velocity vector along the incoming
asymptote of this hypcrbo]a  (called Vm) is compute.d
by subtracting the satcl]itc’s Saturwccrllc.rcd  vc]ocily
fro]n lllc orbiter’s, ‘1’hc orbiter app]-oachcs  from
“infinity” (i. e., a point far- cnoug,h  from the salcllitc to
bc outside its gravitational influcncc)  along the
incoming asymptote of Ihc hyperbola wilt] a satcllitc-
Iclativc speed of Vm. It gathers speed as it nears the
satclli(c, attaining its fycalcst satellite-relative speed
at closest approach. Its satellite-rc.lativc spcc[i
dcclcascs  to Vm as it departs along the outgoing
asylllptotc,  ‘1’l]c angle bctwccn  its incor]]iag  a n d
ou(goi]lg asymptotes is rcfcmd to as the bending
angle. ‘1’l)c flyl)y nl[itucic ncccss al-y 10 act~icvc a given
bending angle is dc[crmincd  by the following
equation:

sin (cx/2) = 1/ (l+rpVm2/  p) (1)

\v]lcrc (x is t}lc bcn(iing  ang le ,  rl~ is the CIOSCSt
approach ]-adios, Vm is the sate.1 Iitc-rclat ivc speed at
infinity along either asymptote, and p is the satellite’s
mass. ‘1’l]c.  m biter’s Saturmrclativc  velocity after the
flyby is then obtairrcd by adding the sa[clli[c’s
Satul wccntc.]-cd velocity to tlw orbiter’s post-flyby
vm.

“I”hc vector diagram shown in l;igurc 1 illustrates how
a cllangc in direction of the V~ vector can result in a
cbangc  in both lnagnitudc  and direction of the
orbiter’s S:]tl]ril-cc.l] tcl-cd vclocily. la order to a\~oid
violaling Ilm principle of conscl-vation  of energy, the
satellite’s Satu[-n-]-cla(ivc  speed dccrcascs if tbc flyby
incmascs tllc ml)itcr’s  Saturn-relative speed (ancl vice
versa). Bc.cause the satcllilc is so much nlorc massive
than tk orbiter, the change in the satellite’s speed is
insignificant.

According to Ihc above equation, the more massive
the sale. ililc., tbc glcatcr  the bcllcling angle. ‘1’hc  only
satc]litc  of Saturn wllicb is ]Ilassivc cnougll to usc for
o[-bil con(lol  during a tour is ‘1’itan.  ‘1’hc masses of (1IC
othcl-s arc. so slnall thal even close flybys (within
several Ilundlrd k]n) ctlangc tbc. orbitc [’s orbit only
slig}ltly.  Consequently, Cassini tours consist mostly
of ‘1’ilan  flybys. “1’his places rcs[rictions on how (hc
tout n~usl bc (icsignc(i,  l;aci] ‘1’ilan fiyhy most place
tllc. olbitcl on a liajcctrwy wl]ich  leads back to ‘1’itan.
‘1’hc ori)itcr cannot [m targc(cd to a flyby of a satellite

o[ilcl IIlan ‘1’itan unless tile flyby lies almc)st along a
rctura i~atil 10 “1’ilan.  Otherwise,  s ince the
gravitational in fluc[]cc  of [k oli)cr  sa[cllitcs  is so
snlal], [hc orbilcr wiii ]Iot bc able to return to ‘1’itan,
and the tour cartno[ colltinuc,

I:ncrgy Increasing (“pump up”):

l[tlcrgy  I)ccrcasi]l~r, (“immp down”):
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Vi ~ v-=-

Vc’,)-l  ---
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I vm-

v-, v + = o]-bilcr ‘s velocity vector relative to
Sa[ul n (plc. an(i post-flyby)

\Jsat = ‘1’ilan’s  velocity vector relative to
Sa[utn

\Jco-,  \’ CM  + .- oj-bilcr  ‘S velocity vector r-clativc  to
‘1’ittirl  alor)g,  an asymptote (prc- and
i)ost-ftyl)y)

l:ig. 1  Vcctot diagralll iiiustra(ing  tile usc of
g[i, vitational assisl 10 acllicvc “olbi( pun)ping”.

I:lyi)ys can bc osc(i 10 acl)icvc otbif  pumping, (i)at is,
ci]angi]lg  the ori)ital  pet io(i witil respect to Saturn, or
ot17i/ clanking,  cllzillgin~ tile orbit without changing
i t s  i~cl loci. lncl-casinl:  ti~c i)criod (rcfcr[-c(i  to a s
“punll)]ng  up”)  wilil ]c.spcct to tile ccntlal  iwdy is
acconli]lisi]cd  i)y flyill~ bchin(i a sa[cliim’s  trailing
cd~c. l)ccrc.asing Ii]c pclio(i (“pumping down”)
in\oivcs  frying ahead of its lca(iing cctgc. IJigurc  1
iiiustralcs  ori)i~ Imrn]l)itl~,.

l~iybys whicil  change the. olbital J>crio(i aiso mtatc the
Iinc of aJ)siclcs (tiIc Iirlc corlnccting  tl]c pcriapsis and
aimapsis points) a]l(i change the distance of [hc
pcliapsc from Satulll. ‘1’lIc (iii-cction in wllicb tllc iinc
of apsi(ics  is ro[alcxi cic]JcIKls  on wllctim  the period is
illcrcasc(i  or {iccicascd,  an(i on whether the. flyby
occu~s i)cforc  Saturn-l clativc pcriapsc (“inimunci”) or
aftc[warcis  (“c)tltt)c)llll(i”).  l;igurc  2 shows ti~at an
oulbounci, ]>criod-]c.ci~lcir]~,  flyby (from orbit A to
ori]i[ 1{) rotates tile line of apsi(ics clockwise, an(i an
outbound pcrio[i-irlc  leasing flyby (fl-om B to A)
rotates  tile line cc)~lr](crclockwisc.  Ru]cs  fm o]hil
r-ola[io[] arc Iislcd in ‘1’al]]c 1.

Orbit clanking is illustlatc.(i  in l;i~urc 3. As the flgurc
shows, in pure oti)il  clanking the prc- an(i pm-flyby
vcioci[y rnagnitu(ics relative to Saturn arc the. same.,
as arc ‘tile prc- an(i imst-fiyby velocity rnagnitu(ics
rclativ(’  10 the sa[c.iiitc. Since tile Sa[urn-ccntcrcd
spcccis arc ti)c salnc. before anti aflc] the fiyby, tllc
prc- al]d post-flyby orbitai pcrio(is arc aiso the same.
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}:i~. 3. Vector diagl-am illustrating the osc of gravitational assist to achicvc “orbil ctanking”.

“1’hc figure shows that in pure cranking, ttlc locus of’
all possible V@ vectors aflcr a flyby Iic on a sphere
ccntc[-cd at the heart of Vsat, an(i tile locus of ali
imssiblc V vectors lic on a spllcrc ccntcrc(i al tile taii
of Vsat.  Using a series of pure-cranking fiybys, the
heads of the V ~ and V vectors can bc plaecd
anywhere on tile circle of intcrscctiol)  of these l\vo
spilcl-cs.  (A singic flyby can move tilcsc vcctom over
oniy a slnall arc in tllc circle, doc to bcn(iing,  :illgic
iimiltitions.)

If tile plane of IIlc prc-ilyby Satormccntcl-c(i orbil is
near Saturn’s equator, clanking changes IIIC ol-i)ilal
inclination. lf the prc-fiyby  orbital plane is
significantly inclined to the equator, clanking mostly
ci]angcs t h e  pcriapsc  an(i apoapsc  ra(iii, wilile
keeping tllc scnlim:ijor axis length constant. (Since
ttlc pcl io(i of an cliii)tical olbit cicpcmis on tile icn.g[t)
of tile cllii)sc’s scmimajor axis, the scmimajor  axis
icngti] must bc kcilt Constan( in or(icr  10 keep pcrio(i
constant.)

If the orbilal pcrio(i (i.e., Va) and Vm arc hcid
eonstalll, pure orbit Clarlkillg can raise the inclination
only t{) a nlaxilnulll value w’llicil is dcscribc{i  by tile
folicrwing rclatiorlsllip, taken from Uphoff cl al:

il,lax = ar~’cos [ ( Irsat2  + \r.2 - VW,2  ) / 2Vsat\J. ] (2)

where illla~ is tile maximum inclination, V; is lIIC
magnitu(ic of l’itan’s \’clocity, V. is the magmtudc  of
the orl)itcr’s Satuln  ccntcrc(i velocity before tile
flyby, and V=, is tlw llyi~crbo]ic  cxccss silcc(i (the
magnilu(ic  of Illc I’m) vcctm) with respect to 3’ilan.
As the inclination ~,cts tli~,hcl”, pul’c cranking causes
g,rcatcl  cilangcs i!) I)c’rial>sc/alJoa[]sc ra(iii, an(i a
slnallcr  chang,c in inclination. “i’ilc theoret ical
maxiltlum inclination is ai~proachc(i asymptotically.
l’i~c fllst fcw flybys wise inclination most of tile way,
and tllc last fcw (icf,rccs  of inclination require several
flybys



“ (f v,., a l o n e  iS he ld  cons[ant,  lIIV nlaximorn
inclination acbicvablc  with pllrc cranking cbarrgcs
with ol-bital period, bccaose  varying pcrirxt al
constant Vm, CausC. s V. to change. The lower tbc
period, lhc l)ighm is tbc nlakinluln  inclination.

11 tl]c inclination 10 Saturn’s cqoator is bigb, pure
pomping changes the inclination significantly in
addition to changing tbc pcriml. lklocin~ Ibc period
inc[-cases Ibc inclination; incrcasirrg the period
rduccs the inclination.

3’hc gravitational assist obtained from a single
satellite Ilyby may consist of pure pumping, pore
cranking, or pumping and cranking ccrmponcnts.  “1’hc
total bending angle (oblaincd  from botb pumping and
cranking cornponcnls)  must nol cxcccd the value
ob(aincd from IIIC bending cqoalion at Illc nlinimunl
allowed Jlyby allilodc.

~kbit pumping and cranking al-c discmscd in detail in
Uphoff, (’/ (/1.

2.2 othi( otictl[[i(iott

T’hc angtc measured clockwise at Saturn from the
Satol-wson  line to the apoapsc,  referred to as the
“orbit oricntalion”, is an importanl consideration for
rl]agllctos[>l~cric obscr-vations.  ~’hc time available for
observations of Saturn’s lil side dccrcascs as the orbit
r“olatcs toward Ihc anti-sun direction. Arrival
conditions at S:ilurn  fix the ini[ial  ol-icntation  at about
go dcg. I)OC to the motion  of Saturn around tbc son,
the orbil ol-icntation  incrcascs with Iimc, at a rate of

about I dcg.ilnolltb. ovcl  Illc 4-year nominal duration
of tbc toLlr, IIIC total amount of clockwise drift in orbit
orientation is aboo( 4X (lCf’,. I’c.]-io(l-cllangir]g largc[cd
flybys w hicb rotate tl]c line of apsidcs  may bc oscd to
acid to or subt[arl  from ttlis drift in orbit oricntaticrn.
l:igulc 4, rcfcmd to as a “petal plot” bccausc of the
rcscmblcincc of the (wbits to tbc petals of a flower,
s h o w s  h o w  lIIC olbil  lottitcs  from the initial
orientation to ncal  tllc anti-sun direction in tbc
sample tour. in tllc c(wr-dinatc  systcm used in this
figorc, Illc dircclion It) tllc sun is fixed,

in g,cncl al, tbc plane 01 tllc tlirnsfcr orbit bclwccn  any
lwo flyllys is fornw(l  t)y tllc position vectors of tl]c
flybys lIom Saturn. If llIc :iII.glc bctwccn  the posilion
vectors IS other than I 80 m 360 (icg. (as is usoally tbc
case), tllc orbital plallc for I]lcd by tbcsc two vector-s is
unique, and tics close (() ‘1’llan’s  orbital plane, which
is close to Satu II1’s  cquato]. If Il]c I]ansfcr  ang,lc is
either 360 deg. (i.e., lhc two flybys occur at the same
place), or I 80 dc~,., aII infinite. nulnbcr of orbital
p]arlcs  (onncct  the llyt~ys. ]n this case, tbc plane of
tbe trarlsfcr orbit cari bc inulincd significantly to {bc
planet’$ cquato]. Ally it)clination can bc cboscn for
the trat]sfcr  orl)it, as I(mg as sufficient bcmling is
available from tllc flyby to ~,ct to that inclination.

It can also bc said t}ia[ if a spacecraft’s orbital plane
is significantly inclined to Illc equator, the transfer
an~lc twtwccn any tv:() flybys  forminz this orbital
plinc  Iliost bc ncal-ty 1 X() (); 3to deg. ‘

\ “’” -.-4” View Frcrn Saturn North Pole

}:l:,. 4. “1’ctal plot” of sample ~assini  tour, vicwc(i flom SalLII II’S norttl pole. (hbils al-c plottui  in a rotating
coordinate systcm,  with tbc SaturmSun direction flxcd at tbc top of tllc par,c.



. 2.4 lt[clirm[irm rrquirwi  for orcullalirm.v  of Sa(utw

Saturn’s equatorial plane is tilted 28 deg. [0 Ibc.
ecliptic, “1’bc declination of liarlb with respect 10 lbc
Salul-nian  equator is z,cro only at two poinls in
Satu[n’s  orbit about the sun. ‘1’0 an Ilar[tl-based
obsm vcr, tbc rings appear edge-on only a[ tbosc (WO
points. As i[ bappcns,  (I1c rings never appear edge-on
duling  t h e  toul-. A t  tbc t i m e  o f  {hc ~assini
spacecraft’s al-rival,  (IIC ctcclination of Ilartb is -25
dcg; four  years  Ialc.r, it is -7 deg. LJnlcss  lbc
dccl ina[ion of llartb is near ?.cro, a spacccraf[  orbiting
in Saturn’s equator-ial plane dots not pass behind
Saturn  a s  v i e w e d  f r o m  llartb.  In [his c a s e ,
occultations of ~~artb by Saturn as viewed from tllc
orbiter can bc achicvcd only by inclining the orbital
plane 10 the cc]uator-. ‘1’argc(cd sa[clli[c flybys arc.
nccdcd 10 raise Ihc inclination to t}lc required value.

“J’bc value of tllc inclination required [o acllicvc an
occultation is a funclion of Ibc equatorial tilt viewed
from lkwlb,  aa(i Ibc angle bc(wccn tbc Saturn-sun Iinc
ancl (bc line of nodes (the line conncc(ing  the points
where tbc orbiter crosses Sa(urn’s equator). An
illus[[-a(ion  of this rclationsbip  is provide.cl in I~igurc
5. Iior  a given cqua(or-ial  [ill angle (i.e., at any point in
Saturn’s or bil),  tbc. inclination required 10 ob(ain an
occultation is minimi~cd when tbc line of no(ics is
pclpcndicular  (0 t h e  Saturn-l;ar[h  ]inc. ‘1’atgclcd
sa[clli[c flybys arc sitrra[cd  ncar]y along [bc line of
nodes. It is desirable, tbcrcforc, to locate inclination-
l-aising flybys ncal ly pcrpcncticular  to tl)c Ik+r[b Iinc
in order 10 minimize tbc inclination (and tbcrcforc,
lhc Ilulllbcr  of flybys) lcquil-cd 10 obtain occult:  ilions,

If the CIOSCSI approach point during a flyby is far
from (IIC satcllilc,  or if tbc satellite is small, the

Plane containing
occultation ~.onc to

Occultation 1,inc of nodes
zone

\
Saturnian
equator

~, al~glc bctwccn line of nodes anti I;al [b line.,
projcclcci  on Sa[urnian cc]uator

~ = ~cclination of llar{b
y z Inclination of plane containing occultation

?onc (orbital plane require.d (0 acllicvc
occultation)

Iiig. 5. orbital gcolnctr-y  require .c t  10 acllicvc
occultations of Iiar(b by Saturn, as vicwcci from
II)c olhitcr.  ‘1’hc inclirmtion required to achicvc
such an occultation is mininliz,cd  when lhc Iinc
of nodes is pcr-pcndicular  to lhc liarll} line..

gravita[iorral cffcc( of (lIC flyby can bc small cnougb
ttlat tl)c airnpoint at tllc flyby need not bc tightly
conlrollc.d.  Such flybys arc callccl “nonlargclcd”.
l~lybys  of “1’itar]  at [iis[anccs  greater than 25,000 km
and ftyl)ys  c)f satcllilcs (Ithcr  than l’itan at ciistanccs of
g,rc.atc.r  than a fcw ttlousand km arc considered
norllat~’,ctcd  flybys. l;lyhys of satellites otbcr than
‘1’i[an  at clis[anccs  up (f) a fcw thousand km Inust bc
trcatcci as “tar gctcd” flybys 10 achicvc  scientific
objcctivcs, cvcrl tboug,tl  lbc.ir gravitation] inflrrcncc
is small. Oppollunilics  (o achicvc nontargctcd flybys
of srnallcr  salcllilcs occur  frcqucnlly during tbc tour.
l’trcsc arc important for global imaging.

3. C; C)NS’I’l<AIN’1’S

I’our design is constrained by many factors, some of
which arc duc IO tbc laws of orbital mccbanics,  and
o[hcrs  of wbicll :irc unlclatcd to (hose physical laws.
~(mstri{in[s  arc irnposcd  duc to tbc limits of bardwar-c
capabilities, instrunlcnt  reliability, operational
ncccssitics, and budgclary  concerns.

l’bc ar rival conditiorrs  at Saturn arc fixed by tbc
interplanetary tr ajcclo] y. ‘1’lrc orbilcr arrives at Saturn
on 1 Jtlly, 2004. ‘1’his date. was cboscn  for reasons of
pcrfortllancc  and bccausc  it J)crmits  a flyby of ]’hochc
on apJn each 10 Saturn, ‘1’hc spacccrtift  arr-ivcs from an
orbit IIcar lbc ecliptic plane, at an inclination of
approximately 17 (icg. (o Saturn’s cqualor,  A
propulsive mallcuvcr  is cxccu[cd  10 insert [bc orbilcr
into orl]it about the I)lanct.

I’bc. tout”s nlaximum  duration has been set at four
years for budgetary reasons. I’hc nominal tour must
bc finisbcd four years after insertion into orbit abou(
Saturn

‘J’bc  rrrt)itcr must avoid crossing tbc ring plane within
rcgiorls  in tbc ring syslcrn  in which impacts with
par[iclis  arc likely. Rirrg plaac crossings must occur
at 2.7 Saturn ra(iii (}<S)  01 greater, for this reason.

“1’itan’s alrnosphcrc  imposes a rninirnum f l y b y
altitude constraint, ‘1’tlcrlnal ancl attitude control
considcraticrns  dac I() a(mospbcric  d r a g  a r c  t h e
Iinlitirlg factols. l;OI II)c.  sample toul prcscntcd here,
the lover altitude lirllil is assumed m bc 950 km.

l’bc tilnc in[crval  t)clwcc.n targctcrt  flybys must bc
l a rge  cnoug,t]  to allo\v  d e t a i l e d  o p e r a t i o n a l
prcpalation  for ~llc next cncountcr (0 occur. I;or  (hc
(ia]i!c(l mission to JuJlitcr,  this ]nlcrva]  was set at 35
days. At this early sta~:c in the ~assini  project, all tllc
(Jctails of opcrationa]  prci~aration  bctwc.cn cacountcrs
bavc tlo( yet bccrl ctcci(icd  u p o n .  lIowcvcr,  t he
advan~cd  dc.sign of [Ire. (~assini ground systcm is
cxJ>cclcd [0 allow IItc IIlinirnum  tirnc bctwccn flybys
to bc as low as 16 days for at lcasl a fcw orbits, and
probal,ly in tbc ranp,c of 19-2(J days for tbc rest of ttrc
tour.

Only ~1 Iimitcd alnorrrlt  of pmpcllant  is available for
tour ol)crations.  I’lo})cllant  is used only to provide
s m a l l  adjus(rl[cnts  to tbc trajcc[rrry  ncccssary  to
rravigatc the or bitcl-, 10 (uln ttlc orbilcr in order [O
obtain scientific obscl\’ations  or (0 communicate wi(b
l;arll~.
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4. Mli’1’llOfX  ANI) SOI’I’WARli

While the basic rmnccpts  used in (our cicsign arc
str:iigll[ft)rw:ilcl,  Ibc pmccss of arl-iving al an estimate
Of tllc. 10 L]l- [laJCCtO1”y prCCi SC cllOLlgh  [0 bC considered
flyable is bcavily dcpcndcnt on software and modern
higl}-spc,cd  colnpuling hardware. ‘1’hc clcsign of a tour
p]-occcds  through three s(agcs:  initial design,
oplinli7.  ation, ao(i inlc.g[-ation. ‘1’hc division of the
pt-occss  inlo these s(agcs  is a conscqucncc  of the
tradeoff  bctwccrr  [hc initial nCCd for fast (but not
ncccssa[ily prccisc) tl-ajcctory computations for study
purlmscs, and the eventual ncccssity of producing a
pre.cisc cs[imatc of the final l[-ajcc(ory chosen.

“1’IIc  inilial design is done using bigl]ly interactive
softwalc  which enables the user to evaluate various
tl-ajc.ctory options quickly. ‘1’hc tour is designed onc
flyby at a time. At cacl] flyby, the user chooses from
a set of ailllpoints p]-cscnlcd by (I)c program, each of
whicl] leads to a diffcrcn[  subsequent flyby. At any
point in the tour, if the user is clissatisficd  with the,
[1-ajcctory, hc or shc can return to any previous flyby
and C}1OOSC a different set of cmcountcrs  af(cr  (hat
flyby. la this fashion, (I)c usc.r can quickly evaluate
wllicll trajcctoly  options best acbic.vc the scientific
objcclivci  of Ihc tour without violating the mission
consll-aints,

‘1’hc I-csult  of (IIC inilial design stage is a nlathcmatical
rc.l)lcscntation  of each orbit in the tour as an ellipse
abou[  Sa[urn (and, when near a flyby, a bypcrbola
about [hc flyby satclli[c). “1’hild-body effects such as
ltlc ohlalcncss  of Saturn and the gravitational cffccl
of (I)c Sun, which must bc mocicllcd in ordc,r to
successfully fly tl)c lrajccto~-y, al-c so far rrnaccountcd
for. ‘1’tmc arc modcllcd in tl]c next stage, during
which the trajectory is optinliz,cd. ~’hc initial
rcprcscntatiorr  of tbc trajc.clory is used as a “firs[
guess,” used to start the optimization process in a
separate  program. ‘l’[-ajcclorics arc propagatcct
bclwccn breakpoints in tllc tour from initial position
and vcloci(y cstinlatcs  using an algori[hm whicl]
includes thild-bo~iy  effects. Velocity discontinuitics
(rci>]-cscntcd i n  t he  l]-ajcclory  as (ictcrministic
p r o p u l s i v e  Inancovc.rs) initially appear at tbc
b]-cakpoinls.  ‘1’hc optimiz.alien program varies lIIC
flyby times and aimpoints to minimiz.c tbc weighted
sun) of (IIc.  AV’S, in lhc p]occss  usLIally driving most
of lhc lnancuvcrs  10 z,cro. ‘J’hc estimate of total
dctcrminisiic  AV resulting from this process is almost
always Icss than that obtaiacci flonl the initial design
S(agc..

‘1’hc output  of the optimization program is then
I>asscd 10 a precision integration program in the form
of posi[ion and vc]oci[y  estimates at various points in
[hc {our. A scarcb is pcri’ormc(i bctwc.cn cacb set of
breakpoints to find the prccisc velocity at (hc starting
point of cacl} Icg nccdcd to reach the required
position al the cad of tbc. leg. Ilccausc of the accuracy
of (I1c tr:ljc.c(ory mo(iclling incorporated in tbc
optin~iz,alion program, diffcl-cnccs  bclwccn  (}1c  results
oblaincd in lhc. optimi?,ation  and intcgl-ation  programs
atc small. ‘1’hc I-csull  of the integration process can bc
usc(i as a nominal estimate of a flyable trajectory.

5. l< INLJI,’I’S

A brief srrn~nl:iry of a sample tour, showing the
Scqucllcc of  cncounlcrs  ant i  some objcclivcs
accorlll~iisllcci:ll  cacllc.ncounlcr$ isprcscntcci in’1’able
2. in [tlis [able, encounters arc numbered according to
thcol-lli(  on which [Ilcy occur(e.  g., ‘1’itao 3 occurs on
orbit 3]. Nontargctcd cncouatcrs  arccicsigna(cd  witi~
an “N” (c. g,, linccia(ius  3N). Sincccncountcrscio  not
occur on caci] or[)il, tilcy arc not numbered in
consecutive mier. l;or example, the ‘1’itan flyby on
tile ni[ltb  orbit is numt~crcd  ‘1’itan 9, hut tbcrc is no
fly by()l~tl]c  tcriti] ott>it,s c)ttlc[ lcxtflybyis'I'i[an  1],
occurling on tt]c cicvcrrth  orbit, According to ti]c
orbit numbcrin~  convention used, [hc orbit number
cbangus  at aimai)sis,  wi[i] orbit 1 beginning at the
pcriapsis  raise nlancuvcr.

‘1’his  t[)u[ conlains 38 CIOSC  satcilitc  flybys and 63
orbits. Of these flybys, 33 arc of ’f ’itan and 5 of other
satcili[cs.  O n c  tarf,ctc(i  fiyby cacil of Iinccladus,
“1’clilys,  I)ionc, Rhc.a, :in(i Iai)ctus occurs. ‘1’ilc first
ti~rccrl itan ftytjys rc(iuccpcriod  anti inclination. ‘i’bc
orbitc]’s inciirla[io]l is ~cciuccd to near z.cro with
respect [o Saturn’ scquator  only aftcrtt]c  third flyby;
tbcrcfo[c,  these ttmcc. fiybys musl ali take place at tile
same i,lacc in ‘1’itan’s  orbit. “1’hcsc  period-reducing
fiybys  were cicsi~]lc(i (o bc inboun{i,  ratbcr  t h a n
ou[boun(i,  in ol[ic.r 10 accomplish tile a(iditional  goal
ofrc)tating  thclinc  ofa[~si(ics  courrtcr-clockwise. l’his
moves the aimipsc  tow’ar(i tile sun line in order to
provi(i~  titnc for obscrva[ions  of Sa[urn’s atmosphere.
Af~cr {hc inciil]:itiol] h a s  b e e n  rccil]cc{i to near
Saturn’s ccluato],  a  s e r i e s  o f  a l t e r n a t i n g
outbotlt](i/i~crio (l-irlcrc:isillg” anti inbound/ pcriod-
rcducirlg  flybys is uscci to rotate the orbit further
toward the sun line, tl]c iast of which is tile Titan 9
flyby. ‘1’argctcci  flybys of Rhea (on orbit 4) and Dionc
(orbit ‘/) arc acilicvc(i aiorrg the way.

Af[crtllc”l’itan9  flyby, the.orbital gcomctry is such
that for a"I`Itar~[)Llti~  c) Llll(ic.[lccJl] r]tcr, (i~clirlcof  nodes
is apixoxirna[cly  i)crpcll(iicrrlar  to the liar[b line. I’his
geornc{ry mininliz.cs [i)c inclination required to
aci]icvl  an occult:ition of Salurn.’  l’hc’1’i[an 11 an(i 12
fiybys, boti) outbourl(i, atc cic.signc(i (o increase
incl inat ion in o~(icr to ta!ic a(ivanlagc  of Ibis
oi~portunity. “1’l)c timing of these two fiybys was
choscrl  ju[iiciousiy  so as to arrange an cncountcr with
lapctus while raisin~ illc.linatimr.  Since Iapctus’ orbit
is incllnc.(i  nc.atly 15 (icg, to Saturn’s equator, it is
ncccss~my to raise inclination tc) at least 15 cicg. in
o r d e r  [o aci~icvc an lai~ctus fiyby. ‘1’hc incrcascd
inclination achic.vc(i aflcr “J’itan 12 aliows a targeted
flyt]y()f lai)ctl]\ ()ll(t]c ttlirtccntll ori)it.  'J'i]c3-itan 13
flyby ]ncrcascs inclination furlhcr to just over 20
deg., [hc value Icquircd  to obtain equatorial
occrrl[otions of Saturn and ti~c rings at tilis point in
ti~c tot)r. No sate.llilc flybys occur ciuring  the next
thr-ccolhits,  in ordcl to ailow inclination to remain at
ti}is v:lluc iong cnougl) t o  acilicvc  t h r e e  ncar-
cquatoria]  occultations. “1’ilcsc occultations arc
ii]ustra[c.d  as tl~cy a[)pcar to an lktr-tll-bascci  viewer in
IJi:,urc 6. After tilcsc llavc.been acl]icvcci, two’1’itan
fiybys (Titan 16 and 17) arc required to lower the
inclination t{)r~cai-[ilccc]l]ator.



J’able 2: Summag.  of Sawq~lClfmC

‘1’itan I
Titan 2
‘1’ilan  3
Rbca 4
I)imc 4N
I’ilaa 5
‘1’ilan 6
I)ionc 6N
DiOnc 7
Titan 8
‘1’i[an 9
‘1’itan I 1
“1’ilan 12

Iapclus I 3
‘1’itan I 3
‘1’itan 16
T]tan 17
‘1’llan 18
Rbca 19N
‘1’ilan 19
‘1’ilan 20
Iinccladus  20N
Rhea 20N
‘1’clbys 21
Rhea 22N
“[’ilan 22
‘1’ilan 23
‘1’i[an 24
Ilnccladus  25
l:nccladus  27N
I)irrnc  27N
‘1’i[an 27
‘1’i(an 28
l)icrnc 29N
‘1’ltaa 29
“1’ltan 30
Mimas  31N
‘1’ltan 32
‘1’ilan 33
}inccladus  33N
Ilnccladus  34N
‘1’itan 35
‘1’itan 36
‘1’i[aa 37
lJicsnc 38N
“1’ilan 38
‘1’i[an 43
l)imc 45N
‘1’cthys 46N
‘1’i[an 46
‘1’C[byS  49N
‘1’l[an 51
‘1’llan 53
‘1’i[an 54

l)alc~l’inm
yyllllll(i(i,llt) llllllss

041127 1S0529
050215082823
050404042747
0s0503055408
050503120712
050602182838
050709164805
050711090646
050807101529
050907075350
0510140405S2
051212191717
060113164803
060218105149
060302091341
060521024517
060622000041
060711 185333
060821 04s323
060823132837
060912081655
060914034348
060914154510
061(D4  161843
061025102642
061026184809
061115133003
061228073112
070116184529
070228093845
070228142407
070302035101
070321220139
070501 164026
070503154659
070523102259
070618054619
070710062913
070811034147
070813020914
070902052549
070924143650
071010133145
071026120707
O7I1O9O23259
071111 103536
0N)I14044801
080201 180659
080212094843
080215014924
080311 175916
0S0402212911
otio418  194951
080504181214

Alt. I at.
(km) (rtcg)

1500 61
1250 61.9
2397 17.1
999 -73. I

I 3377 -l]
4408 1.4
4161 -0.3

83464 0.6
1005 -12.8
4957 -0.4
4752 1.7
1852 76,8
2132 4 9 . 7

931 -21.2
1511 11.6
1125 -67.6
1740 -s?.,4
2229 0.9

68841 1.3
1958 0

11924 0,7
5421 I 0.4

33970 -0.9
648 81.6

58934 -0.9
11308 -0.1
2224 0
I 028 -1.1
605 -8.3

87264 0.2
76634 I
16784 4.4
2189 -0.4

24268 -0.5
2027 .o~
1 O(KI 85,3

97383 -28
1050 5 9
2098 11.4

27267 2.3
53700 -0.6

95(I -52.9
950 -76
950 .65.5

99682 0.8
950 -26
950 -16.1

91316 5.4
3s9s7 .22,3

950 -17,5
33630 -12.8

1022 29.6
950 .]93
958 32.7

W,l.on.
(clc~)

105.I
87.9
73.2

270.5
290.6
286.9

71.6
342,8
287
287,6

70.9
275.8
275.7

204.3
109.8
314,2
106
250.5
297.4
107.9
66.5
20.5
93.5

257.4
281.3
293.2
2s1.1
108.3
215.1
267.3
276.8
292.2
25 I .4
347.4

106,5
328.7
208
241.3

68.7
251.6

96.6
120.3
174.8
176.3
305.9
140.8
145.6
36.3

104
157,9
178.4
133
177.2
150.1

Posl-flyl)y
inclination
[0 Sa(u[n
cquirlor

(Clcg,  )

10.5
2.1
0.5

0.S6
0.5
0,4
4

0.4
0.4
().3
0.3
Io.1
15.5

15,4
20.2
8.5
0.4
0.4
0.4
0.4
0.4
().4
0.4
0.4
0.4
0.4
0.4
0,1
().2
0.2
().2
0.4
0.4
0.4
0.3
14.3
14.4
2.3
0.3
0,3
0.3
14.2
29,7
40,9
40.9
51,5
58.7

58,7
58,7
64 .“1
64 .“/
70.3
72.1

76

Conuncm

I<cducc period, inclination

Rotalc orbit counkm-lockwisc

It])agilg (nonlargctc.ct flyby)
,,

Ilt,agillg (nontargc(ccl flyby)
!!

,,

lnucaw inc. for lapctus flyby

l;iImlus imaging
(Jcculla(ions  of Salurn, rirlgs
Rcducc inc., ro(a(c clockwise
Rf)latc  clockwise

111 !ag,illr, (rmntargctccl flyby)
I([)[atc clockwise

I]]lap,ing (nontargc[ed flyby)
II]iap,ing (nmtargc[cd  flyby)
l<o[;i(c clockwise
IIllaging  (nrsntargctcd flyby)
Ro[a[c clockwise

“1’aIgu[ to IMccladas
I :twcladus imaging
ittlil~,illg(rlOrl[argc[cd  flyby)
in]ar,ing  (non[argctcd  flyby)
l<(~[atc clockwise

I [~mp,i[l~ (ncsntargc[cd  flyby)
Rota[c clockwise
(:kcultations  of Saturn, riugs
1 nlagi[lg  (nontarg,c[cct flyby)
Rrducc  inc.
1 ‘w+ition node for bi-inc  seq.
I [naging (nrm(arg,ctcd fl yby)
l[lla~ing (nontarp,ctcd flyby)
Ill-inclination scqucncc..

(Satulmritlg  occs @ hi inc.,
n]inimun~ all, Titan flybys,
‘1’i[an occultations)

,,

Inlaging  (nontargctcd  flyby)
I[l]ag,ing (rmntargctcd  flyby)
I Ii-inclination scqucncc
I Inag,iag (non[argctcd  flyby)
I 1]-inclination scqucncc
,<
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View From Earlh

l~ig. 6. I.(Jw-il~clil~ati{J1~ Saturn/ring occultation scqLIcncc.  ‘1’hc (Jrbi(cr’s  ttajcc[(~ry  is shown passing directly
bctlin(i  Satut n and Iilc rin~s, al it appears to an Iial 111-based viewer. ‘1’i)csc. imsscs occur in lhc sample tour
af[cr  the ‘1’ilan i 3 flyby.

A long series of’ flybys is then bcgorr which rotates
(hc orbit in li]c clockwise (iircction,  toward tile
magnctotaii.  Aitcrnating  outboLlnci/pcrioci -rcducirlg
an(i illtJotlll(i/iJcri[ )(i-i I]crcasillg  flybys arc uscii, in a
mirror image of tile coun(c.r-cic)ck wise rotating
scqucncc  at (i]c beginning of the tour. A fcw
intcriu])tions  of (ilis scciocncc  arc aliowcci on tile way
10  t i l e  magnclotaii  to accompiisil  oti]cr scicncc
objcctivcs,  inclu(iing  a fiyby of ‘1’ctilys on orbit 21
an(i a ilyby of ihccla(ius  on orbit 25.

IIy orbil 30, (i]c orbi t  oric.nta[ion is suci) tilat a n
inbound ‘1’itan fiyby aligns tim iinc of nodes ncariy
nounal to tile llartil line, yicidirig anotllcr opportunity
to obtain occultations of Saturn at minimum
inclination (as was (ionc earlier using outbound
fiybys).  ‘1’ilc i nc l ina t ion  rcqLlir-cci (0 acilicvc  an
occoitation is icss at tilis i>oint in tile toLw ti~an earlier,
bccausc  li)c (icciinalion  of Iiarlh witil respect 10
S a t u r n ’ s  c(iuator is icss. The ‘1’itan  30 fiyby is
cnlpioyc(i t o  (akc a(ivantagc of ti~is oi~portunity,
increasing tile inciina(ion  to aci]icvc equatorial
crccuitations of” Saturn aoci the rings on orbits 30 and
3]. “]’itan 32 anti ‘1’ilan  33 iowcr tile inclination to
near  the cqualor,  Wi~cncver  tile mbitai  i>laac is
inciincci  significan[iy 10 the equator, aii flybys most
(akc place at  ti~c san]c i]oint in ‘1’itan’s o r b i t ;
conscqucntiy,  tile ‘1’itan 30, 32, and 33 flybys arc ail
inbounci.

St:it (ing wi(i] “1’itan  35, tile rcs( of ti~c tour is cicvotcd
to a sc(iucncc  of fiybys  ctcsignc(i 10 raise  tile
inciinrrtion as iligl) as imssibic (in this case, 76 cicg. )
Maximum inclination is cicsircd for ring observations
and in-sitLl ficici and i>ar(iclc mc.asurcmcnts.  I/or tilis
sami~ic tour, the o[-i)its during tile iligi~-inclination

flyby scciucncc al-c i)lacc.(i  nearly opposite the sun,
CIOSC  to the magnctotaii,  in orcicr to assure scvcrai
Salurtl occultatio]ls  (iuli[lg tile higil-inclination
scquctlcc. Bccausc tbc ili~ll-inclination scciucncc i s
till~c-c(]r~sul~~il~p,,  it is dcsilab]c (o begin it as early as
imssibic,  ‘1’his sc(iucncr  can bc s[ar(cd sooner if ti~c
I’itan Ilybys a]c ootb[)un(i  Illan if they arc inboonci.
‘1’i~c ‘1’itan 33 flyby iowcls tllc orbital plane to near
tile cqLlator  in or(ier to bc able to Iargct 10  a
subse(iucnt  outboull~i  fiyhy (’i’itan 35), acilicving tile
cicsirc(i no[ial align lnc.!l(  al wi~ich to start tile iligil-
inclina(ion scqocnce.

i:irst orbit cranking, all(i li~cn orbit immi)ing (after a
n~odclate. inciinatiorl i]as been acilicvcci) arc Llscci to
incrca~c inclination, rc(i Llring tbc orbit imriod to 7.1
ciays ill tile process (Iilat is, 9 orbiter revs for each
“i’l[an rev). l’hc closcs( ai)im)aci~ altitudes ciLlring tilis
scciucl)cc arc kept at Iilc [Ilinimom  aiiowcd vaiuc in
olcicr 10 maxinli?c fyavitationai  assist at each flyby.

‘1’hc illc]ination cioickiy cxccccis lhc minimum value
rc.(iuilc(i to acilic. vc occu l t a t i ons ,  af[cr wilich
occultations alc acilicvc(i on ever-y orbit. When (ilc
incliniltirrn is nlLlcil  F,lcatcr t h a n  t h e  I-cciuirc(i
lninil)lLlnl,  ti~c e n t r y  an(i cxi[ imints a r c  ncarcl
Salurll’s  pole regions lilal) its c(ioator. Views of sonic
of tile Saturn occul[aliorw oblaincci (ioring ti]c hi~il-
inclin{ttion scqucncc  alc iiioslra(cci  in l:igulc 7 as (iIcy
ai>ilcal to an I~arlil-t~asc(i obsc.rvcr. ‘1’llcsc  occui [ations
inovi(ic valuable inlol I[l:ition on SatLrln’s atnlosi)ilcrc.
Ilowcvcr, their entry ami exit imin(s arc too far from
tile c(iualor to aiiow imssagc i~cilin(i  ti]c rings. in aii,
tile saloplc 1001 Contains  3?. occultations of Iiartl]  by
Salon), 5 of wi]icll arr nca[-cciuatoriai;  the remaining
27 occur during the llif,ll-i[]~:lina(iorl scqucncc.
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l;ig. 7. I ligll-illclillalio[l Saturn/ring occultation sequence. ‘f’bc orbiter’s trajectory is shown passing bchirrd

Sa(Lwn,  as it appears (o an Iia[-th-basccl  viewer. “1’hcse.  passes occur in tlic. samp]c tou] af[cr  (hc ‘1’itan 46 flyby

‘1’cn occultations of llar(h by ‘l’i(an occur during t}~c
sample toul, allowing probing of Titan’s atmosphere.
The 33 ‘1’itan  flybys provide opportunities for radar
covcragc  of various portions of l’itan. Because of
conflicting scientific rcquircmcnts  ancl orbiter
opcra(ing constraints, radar swaths cannot bc taken at
every flyby. Similar flybys (for example,
irlt~OLtrld/pcriocl-rcclllcing flybys) have similar ground
tracks.

“1’hc. tour ends on 1 .luly, 2008, 4 years after inscrticm
into orbit about Saturn, during orbit 63. ‘1’hc aimpoint
at the last flyby, “I’i Ian 54, is chosen 10 target the
ohitcr to a suhscc]ucnt “1’itan flyby to provide tbc
oiqmt(uni[y to procccd with nlorc flybys during an
c.xtcndcd mission, if rcsourccs  allow.

6. CONC1  ,US1ONS

‘1’hc Cassini  mission can make usc of a large
cxpcricncc  base in tour design accumulated during
the Galileo mission to Jupiter. }Iowcvcr,  diffcrcnccs
bc.twccn the Saturnian and Jovian environments and
the scientific objcc(ivc.s  of ~assini and Galileo
ncccssi(atc dcvclopmcnt  of  ncw tour design
(ccllniqucs for Gssini. ‘llc sample tour p]cscn[cd
hc~c illustrates methods of dcsigrring  Cassini tours
which achicvc  (I1c mission’s scientific objectives
wllilc meeting lllissior~-ill~I~osccl constraints. ‘llradc.-
offs identified dLlring the coLlrsc of designing this
sample tollr will bc examined further in preparation
fcrf design of the final ~assini tour.
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